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GURYH WKH WHFKQRORJ\ RI  PLFURIDEULFDWLRQ DQG ODWHU WKH IDEULFDWLRQ RI LQWHJUDWHG FLUFXLWV UHVXOWHG LQ PXFKPRUH









DQG HOHFWULFDO LQVXODWRUV DV FDWDO\VW VXSSRUWV RU DV ELRFRPSDWLEOH PDWHULDOV &HUDPLF PLFUR GHYLFHV KDYLQJ
PLFURIHDWXUHVLQWKHUDQJHRIPWRPDUHQHHGHGLQWKHHOHFWURQLFHOHFWULFDOFRQQHFWLRQVPLFURUHDFWRUV
PLFURIOXLGLFFKDQQHOVVRODUFHOOVSRZHUVHPLFRQGXFWRUVHQHUJ\VWRUDJHGHYLFHVPLFURVHQVRUVPLFURDFWXDWRUVHWF




&HUDPLF PLFURIDEULFDWLRQ HIIRUWV DLPHG DW GHYHORSLQJ SURFHVVHV IRU SURGXFLQJ FHUDPLF VKDSHV ZLWK VXUIDFH
PLFURIHDWXUHV DUUD\ GHYLFHV RU PLFURSRURXV VKDSHV SURYLGHV XQLTXH FKDOOHQJHV LQ PDFKLQLQJ WKH KDUG EULWWOH
PDWHULDOV 7R RYHUFRPH WKHVH GLIILFXOWLHV WKHUH FDQ EH YDULRXV DSSURDFKHV ,Q WKH ILUVW JUHHQ FHUDPLF FDVW VKDSHV
KDYLQJWKHUHTXLUHGPLFURSDWWHUQVHLWKHURQWKHVXUIDFHRULQWHUQDOPLFURSRUHVFDQEHGLUHFWO\UHSOLFDWHGIURPWKH
PRXOGV E\ FDVWLQJ PHWKRGV 6LJPXQG HW DO  ,VKLNDZD HW DO  7KH VHFRQG DSSURDFK LQYROYHV PLFUR
PDFKLQLQJ RI WKH JUHHQ FDVW EORFNV 'KDUD DQG %R 6X  ZKHUH DV WKH WKLUG DSSURDFK LV WR EXLOG WKUHH
GLPHQVLRQDOVWUXFWXUHVKDYLQJLQWHUQDOPLFURIHDWXUHVE\OD\HUE\OD\HUGHSRVLWLRQRIPDWHULDOE\FRPSXWHUFRQWUROOHG
GHYLVHV PRXOGOHVVFDVWLQJ &HVDUDQRHWDO0DUWLQHWDO








6OLSFDVWLQJJHQHUDOO\ LQYROYHVSUHSDUDWLRQRIKLJKVROLG ORDGHGZHOOGLVSHUVHGVOLS LQGHLRQLVHGZDWHUZKLFK LV
SRXUHG LQWR SODVWHU RI 3DULV PRXOG KDYLQJ PLFURIHDWXUHV /LTXLG LV DEVRUEHG E\ WKH PLFURSRURXV PRXOG WKURXJK
FDSLOODU\ DFWLRQ WR SURGXFH JUHHQ FHUDPLF FRPSDFWV 7KHVH VOLS FDVW JUHHQ ERG\ LV JHQHUDOO\ YHU\ IUDJLOH EHIRUH
VLQWHULQJDQGKHQFHWKHSURFHVVPD\EHDSSOLFDEOHWRVLPSOHVKDSHV5DPDFKDQGUD5DRHWDO












DSSURSULDWH DQG FRQWLQXRXV PRYHPHQW RI WKH QR]]OH KHDG 6HTXHQWLDO OD\HUV DUH EXLOW XS E\ VKLIWLQJ QR]]OH
PRYHPHQW LQ WKH = GLUHFWLRQ WR UHDOL]H D  GLPHQVLRQDO ERG\ 7KH ; < DQG = PRYHPHQW RI WKH QR]]OH LV LQ
DFFRUGDQFHZLWK WKH  GLPHQVLRQDO GHVLJQ GDWD 7KH SURFHVV UHTXLUHV RSWLPL]DWLRQ RI WKH UKHRORJ\ RI WKH VOXUU\
GLVSHQVLQJ DQG GHSRVLWLRQ UDWH QR]]OH GLDPHWHU GU\LQJ RI WKH GLVSHQVHG PDWHULDO DQG WKH V\QHUJ\ DPRQJ WKHVH
SDUDPHWHUV6LJPXQGHWDO&HVDUDQRHWDO/HZLV /XHNHUVHWDO
7KH SUHVHQW ZRUN LV DLPHG DW H[SORULQJ LPSURYHG PHWKRGRORJ\ LQYROYLQJ K\EULG WHFKQLTXHV IRU IDEULFDWLQJ
FHUDPLFREMHFWVKDYLQJPLFURSDWWHUQVRUIHDWXUHVLQWKHUDQJHRIWRȝP'LIIHUHQWDSSURDFKHVVWXGLHGDUHVOLS
FDVWLQJ JHO FDVWLQJPLFURPDFKLQLQJRI JHO FDVW JUHHQERG\ DQGPRXOGOHVV FDVWLQJRI DOXPLQDSDVWHKDYLQJ VKHDU
WKLQQLQJUKHRORJ\
 ([SHULPHQWDO3URFHGXUHV




0V0HUFN /LPLWHG0XPEDL11¶0HWK\OHQH ELVDFU\ODPLGH 0%$0 DV FURVV OLQNHU DQG111¶1´ WHWUDPHWK\O
HWK\OHQHGLDPLQH7(0('ERWKIURP65/DERUDWRULHV0XPEDLDVFDWDO\VW
7KH$O2 SRZGHUZDVFKDUDFWHUL]HGIRUFU\VWDOORJUDSKLFSKDVHSXULW\E\[UD\GLIIUDFWLRQ;5''0$;
0V 8OWLPD 5LJDNX -DSDQ 7KH SDUWLFOH VL]H GLVWULEXWLRQ RI WKH SRZGHU  9RO ZDV GHWHUPLQHG E\ ;UD\
VHGLPHQWDWLRQ WHFKQLTXH 6HGLJUDSK 0V0LFURPHULWLFV 86$ 7KH ]HWD SRWHQWLDO RI WKH DOXPLQD SRZGHUV
GLVSHUVHGLQGHLRQLVHGZDWHU',:DQG',:PRQRPHUSUHPL[VROXWLRQDQGZLWKDGGLWLRQRIGLVSHUVDQW'DUYDQ








&RQFHQWUDWHG DTXHRXV VOLSV 9RORI$O2 SUHSDUHGXVLQJRSWLPXP DPRXQWRI WKHGLVSHUVLQJ DJHQWZDV
PLOOHG LQ D SRO\WKHQH ERWWOH ZLWK $O2 EDOOV DVPLOOLQJPHGLD IRU K DQG WKH KRPRJHQL]HG VOLS ZDV FDVW LQ WR
SODVWHUPRXOGVWRSUHSDUHGLVFEDUDQGRWKHUVKDSHGVSHFLPHQV0LFURWXEXODUVSHFLPHQVKDYLQJZDOO WKLFNQHVVRI
 ± PZHUHSUHSDUHGE\GUDLQ FDVWLQJ WKH VOXUU\ XVLQJ VSOLWPRXOG2Q WKHRWKHU KDQG WKHPRXOGV IRU JHO
FDVWLQJH[SHULPHQWVZHUHSUHSDUHGZLWKDOXPLQLXPPHWDOWRSURGXFHVLPSOHVKDSHVOLNHUHFWDQJXODUEORFNVFLUFXODU
GLVFV EDUV DQG VKDSHV KDYLQJ  WR PP FKDQQHOV RQ WKH VXUIDFH DV ZHOO DV DOJLQDWH DQG SRO\VLOR[DQH UXEEHU
PRXOGVKDYLQJPLFURIHDWXUHVLQWKHUDQJHRIWRP*HOFDVWLQJH[SHULPHQWVZHUHFDUULHGRXWXVLQJWR
9RO $O2 VOXUU\ SUHSDUHG XVLQJ RSWLPXP DPRXQW RI GLVSHUVDQW PRQRPHU FURVV OLQNLQJ DJHQW LQLWLDWRU DQG
FDWDO\VW 7KH JUHHQ GHQVLW\ RI WKH VOLS FDVW DQG JHO FDVW VDPSOHV ZHUH PHDVXUHG E\ ZHLJKW DQG GLPHQVLRQDO
PHDVXUHPHQWV
,QWKHPRXOGOHVVFDVWLQJH[SHULPHQWVWKHVROLGORDGLQJRIWKH$O2 VOXUU\ZDVLQFUHDVHGWRDERXW9RODQG
WUDQVIRUPHG LQWR D SDVWH IRUP E\ FRQWURO RI VXUIDFH FKHPLVWU\ 7KH SDVWH KDYLQJ VKHDU WKLQQLQJ EHKDYLRU ZDV
H[WUXGHGWKURXJKDQR]]OHRIPPGLDPHWHUDQGFDVW LQWRGLPHQVLRQDOERG\RIVLPSOHUHFWDQJXODUFLUFXODU
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DQG FXUYHG VKDSHV DVZHOO DV WKUHHGLPHQVLRQDO VFDIIROG VWUXFWXUHV KDYLQJ LQWHUFRQQHFWHG FKDQQHOHGSRUHVKDYLQJ
GLDPHWHUVLQWKHUDQJHRIWRP
7KHELQGHUEXUQRXWH[SHULPHQWVZHUHFDUULHGRXW IRU JHOFDVW VDPSOHVDW WKH WHPSHUDWXUHRI& LQD VLOLFRQ
FDUELGH IXUQDFH 0V 7KHUHOHFN (QJLQHHUV %DQJDORUH 7KH VOLS FDVW JHO FDVW DQG PRXOGOHVV FDVW VDPSOHV ZHUH
VLQWHUHG LQ WKH WHPSHUDWXUH UDQJH RI  WR & IRU RQH KRXU XVLQJ VXSHU NDQWKDO IXUQDFH 0V 7KHUHOHFN








7KH[UD\GLIIUDFWLRQ DQDO\VLV VKRZWKDWWKHSRZGHULVSXUHĮ$O2 ZLWK QRDGGLWLRQDOSKDVHV7KHSDUWLFOHVL]H
GLVWULEXWLRQFXUYHVRI$O2 GLVSHUVHGLQ ',: DVDIXQFWLRQRIGLVSHUVDQWDQGPRQRPHUDGGLWLRQVDUHSUHVHQWHGLQ
)LJ  7KH UHVXOWV VKRZ WKDW $O2 SDUWLFOHV GLVSHUVHG LQ ',: DV ZHOO DV LQ ',:  PRQRPHU DUH KLJKO\
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 6HGLPHQWDWLRQ EHKDYLRXU
7KHVHGLPHQWDWLRQEHKDYLRURI$O2 SDUWLFOHVGLVSHUVHG LQ ',: DQGDPL[WXUHRI ',: DQGPRQRPHUVROXWLRQ
SUHVHQWHG DV D IXQFWLRQ RI S+ LQ )LJ VKRZ WKDW WKH SUHVHQFH RI PRQRPHU KDV RQO\ PDUJLQDO HIIHFW RQ WKH
GLVSHUVDELOLW\RIWKHSRZGHU2QWKH RWKHUKDQGWKHDGGLWLRQRIGLVSHUVDQWUHVXOWHGLQFRQVLGHUDEOHHIIHFWRQWKH
GLVSHUVDELOLW\ RI WKH DOXPLQD SRZGHU DV SUHVHQWHG LQ )LJ )URP WKH ILJXUH LW LV IRXQG WKDW WKH VXEPLFURQ VL]HG
DOXPLQDSDUWLFOHVDUHGLVSHUVHGZHOOLQWKHS+UDQJHRIWRDWDOOWLPHLQWHUYDOVRIKUWRKUVZKHUHDVKLJK
DJJORPHUDWLRQRFFXUVLQWKHS+UDQJHRIWR$WS+DQGHYHQWKRXJKWKHSDUWLFOHVDUHZHOOGLVSHUVHGLQLWLDOO\
XS WRKU WKH\EHFRPHXQVWDELOL]HG ODWHU DQGKHQFH VHGLPHQWDWLRQ KHLJKW LQFUHDVHV 7KHVHREVHUYDWLRQV DUHYHU\
ZHOOFRUUHODWHGWRWKH]HWDSRWHQWLDOYDOXHVDWWKHUHVSHFWLYHFRQGLWLRQVSUHVHQWHGLQ)LJ
9LVFRVLW\DQGUKHRORJLFDOEHKDYLRXU
7KHYLVFRVLW\ DQG UKHRORJLFDO EHKDYLRU RI$O2 GLVSHUVHG LQ ',: PRQRPHUZKHQ VWXGLHG DV D IXQFWLRQRI
VROLGORDGLQJLWZDVIRXQGWKDW WKHYLVFRVLW\LQFUHDVHVIURPDERXWP3DVWRP3DVDW WKHVKHDUUDWHRI6
ZLWKWKHLQFUHDVHLQVROLGORDGLQJIURP:WWR:W7KHYLVFRVLWLHVPHDVXUHGDVDIXQFWLRQRIS+IRU$O2
GLVSHUVHGLQ ',:DQG',:PRQRPHUDUHSUHVHQWHGLQ)LJ 7KHORZHUYLVFRVLWLHVLQWKHS+UDQJHRIWR DQGDW
S+  WR LQGLFDWH RSWLPDO GLVSHUVLRQ ZKLOH KLJK YLVFRVLW\ DW S+  DQG  DUH WKH FKDUDFWHULVWLFV RI IORFFXODWHG
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6OLSFDVWLQJJHOFDVWLQJDQGPRXOGOHVVFDVWLQJRIDOXPLQD
%DVHG RQ WKH UHVXOWV RI ]HWD SRWHQWLDO VHGLPHQWDWLRQ YLVFRVLW\ DQG IORZ EHKDYLRU VWXGLHV RQ WKH GLVSHUVLRQ
EHKDYLRURI$O2 SRZGHULQ ',:DQG',:PRQRPHU DERXWWRRIGLVSHUVDQWVZHUHXVHGWRSUHSDUHKLJK
VROLG ORDGHG VOLSV IRU VOLSFDVWLQJJHOFDVWLQJDQG PRXOGOHVVFDVWLQJ H[SHULPHQWV7KHVOLSFRQGLWLRQV DQGWKH JUHHQ
GHQVLW\RIWKHVDPSOHVREWDLQHGDUHSUHVHQWHGLQWDEOH
7DEOH6OLSFRQGLWLRQVDQGJUHHQGHQVLW\RIWKHFDVW$O2 VDPSOHV
&DVWLQJSURFHVV 'LVSHUVLQJPHGLXP $GGLWLYHV 6ROLGORDGLQJ
9RO
*UHHQGHQVLW\
















REWDLQLQJIHDWXUHVZKLFKLVGLIILFXOW WRDFKLHYHDIWHUVLQWHULQJ 7KHJUHHQGHQVLW\ZLOODOVREHDIIHFWHGE\ WKHVROLG
ORDGLQJXVHGGXULQJFDVWLQJ7KHHIIHFWRIVROLGORDGLQJRQWKHJUHHQGHQVLW\RIWKHJHOFDVW$O2 SRZGHUVSUHVHQWHG
LQ )LJ  VKRZ WKDW WKH ELQGHU FRQWHQW YDULHV EHWZHHQ  WR  DQG WKH JUHHQ GHQVLW\ YDULHG IURP WR  IRU
VOXUULHVKDYLQJVROLGORDGLQJ RIWR:WWR9RO
)LJ(IIHFWRI6ROLG/RDGLQJRQWKH*UHHQ GHQVLW\RI*HOFDVW$OXPLQD
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0HFKDQLFDOSURSHUW\RI JHOFDVW$O2 JUHHQERG\ DQGPDFKLQDELOLW\
:LWKUHVSHFWWRWKHPHFKDQLFDOSURSHUW\RIWKHJUHHQERG\WKHJHOFDVWVDPSOHVH[KLELWKLJKHVWVWUHQJWKGXHWRWKH
JHOQHWZRUNIRUPHGE\SRO\PHUL]DWLRQ ZKLOHVOLSFDVWVDPSOHVDUHKLJKO\IUDJLOHGXHWRWKHDEVHQFHRIDQ\ELQGHU




PPZLGWK FKDQQHOV XVLQJ FRQYHQWLRQDOPDFKLQHV DV ZHOO DV E\PLFURPDFKLQLQJ XVLQJ ȝP DQG ȝP WRRO
/DVHUPDFKLQLQJZDV FDUULHG RXW WR SURGXFH ȝP VOLWV LQ VLQWHUHG DOXPLQD GLVFV KDYLQJ PP WKLFNQHVV )LJ 
SUHVHQWVWKHSKRWRJUDSKVRIVLQWHUHGJHOFDVW$O2 VDPSOHVKDYLQJPLFURIHDWXUHVZLWKRXWDQ\FUDFNLQJRUGLVWRUWLRQ
D E &
)LJ  *HO FDVW VLQWHUHG$O2 D 6XEVWUDWH IRU0(06EDVHG VHQVRUV E$UUD\ RI0LFUR SLOODUV 3LOODUZLGWK    r PP













SRURVLW\:W9RO $UFKLPHGHV :W9RO $UFKLPHGHV
      
      
      
)URPWKHUHVXOWVSUHVHQWHGLQWDEOHLWLVIRXQGWKDW&WR&LVWKHRSWLPXPVLQWHULQJWHPSHUDWXUHIRU
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VDPSOHVLWZDV03D7KHVOLJKWO\ORZHUEHQGLQJVWUHQJWKYDOXHVRIJHOFDVWVDPSOHVDVFRPSDUHGWRVOLS
FDVWVDPSOHVDUHDWWULEXWHGWRWKHVXUIDFHURXJKQHVVDQGSRVVLEOHPLFURGHIHFWVRQWKHHGJHVRIWKH VDPSOHVDVZHOODV
RQ WKHZDUSDJHRFFXUUHG LQ WKHJHO FDVW VDPSOHV2Q WKH FRQWUDU\ WR WKH UHFWDQJXODU EDU VKDSHG VDPSOHVREWDLQHG
IURP VOLS DQG JHO FDVWLQJPHWKRGV WKLQ ILODPHQWV RI DERXW  WR PPGLDPHWHU REWDLQHG E\PRXOGOHVV FDVWLQJ
ZKHUHVXEMHFWHGWRSRLQWEHQGLQJWHVWXVLQJPPVSDQ7KHVHVDPSOHVKDYHVKRZQVWUHQJWKYDOXHVRIDERXW
 03D 7KHVH UHVXOWV DUH YHU\ PXFK SURPLVLQJ LQGLFDWLQJ KLJK PHFKDQLFDO SURSHUWLHV IRU WKH PRXOGOHVV FDVW
VDPSOHV )XUWKHU WKH VLQWHUHG URERFDVW VDPSOHV KDYLQJ VXFFHVVLYH OD\HUV ZHUH LQWDFW ZLWKRXW GHODPLQDWLRQ DQG
FUDFNLQJRUPDFURVFRSLFGHIHFWV
7KH6(0SKRWRJUDSKVRI WKH IUDFWXUHGVXUIDFHVRI VOLSFDVW DQGJHOFDVW VDPSOHVDUH VKRZQ LQ)LJDE7KH
KRPRJHQHRXVPLFURVWUXFWXUH DQG WKH DYHUDJH JUDLQ VL]H RIȝP WRȝPREVHUYHGJLYHV DQ LQGLFDWLRQ WKDW JUDLQ





7KH VLQWHUHGJHOFDVW$O2 VDPSOHV KDYLQJPLFURFKDQQHOVDQGPLFURIHDWXUHVLQWKHUDQJHRIWRPDUH
VKRZQ LQ )LJ  ZKHUH DV WKH SKRWRJUDSK RI SRURXV DOXPLQD SUHSDUHG E\ VOLS FDVWLQJ RI IRDPHG VOXUU\ DQG LWV
PLFURSRURVLW\DUH VKRZQLQ)LJDE)LJVKRZVWKHULQJVKDSHGVDPSOHKDYLQJZDOOWKLFNQHVVRIDERXWP
DQG GLPHQVLRQDO VFDIIROG VWUXFWXUH KDYLQJ FKDQQHOHG SRUHV RI  WR P IDEULFDWHG E\ PRXOGOHVV FDVWLQJ
PHWKRG
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,W FRXOGEH FRQFOXGHG IURP WKHSUHVHQW VWXG\ WKDW WKHGLVSHUVLRQRI ILQH$O2 LQ',:DQG',:PRQRPHU
PL[WXUHLVKLJKO\LQIOXHQFHGE\WKHS+RIWKHPHGLXPDVZHOODVWKHDGGLWLRQRIGLVSHUVDQW7KHVOXUU\FRQGLWLRQVDUH
RSWLPL]HGE\VWXGLHVRQ]HWDSRWHQWLDOVHGLPHQWDWLRQEHKDYLRUDQGYLVFRVLW\RIWKHVOXUU\DVDIXQFWLRQRIS+ VROLG
ORDGLQJ DQG GLVSHUVDQW +LJK VROLG ORDGHG VOXUU\ KDYLQJ PLQLPXP YLVFRVLW\ LV DFKLHYHG E\ DGGLQJ DSSURSULDWH
DPRXQWRIGLVSHUVLQJDJHQWZKLFKUHVXOWHGLQKLJKHVWJUHHQGHQVLW\LQDOOWKHWKUHHFDVWLQJPHWKRGV





7KH VWXG\KDVGHPRQVWUDWHG WKDW DOO WKH WKUHH VKDSLQJPHWKRGVRSWLPL]HG WKURXJK FROORLGDO SURFHVVLQJRI ILQH
DOXPLQDFHUDPLFSRZGHUVDUHYLDEOHIRUPLQJWHFKQLTXHIRUSURGXFLQJPLFURIHDWXUHVLQ WKHUDQJHRIWRȝP
ERWKRQWKHVXUIDFHDVZHOODVLQWHUQDOO\LQWKHGLPHQVLRQDOVWUXFWXUHV
2604   R. Ramachandra Rao et al. /  Procedia Materials Science  5 ( 2014 )  2595 – 2604 
$FNQRZOHGJHPHQWV






















$GYDQFHG0DWHULDOVDQG&RPSRVLWHV,&$0& ± 2FWWK ± &6,51,,677ULYDQGUXPSS
5LEHLUR&&%DUULDV&&%DUERVD0$3UHSDUDWLRQDQGFKDUDFWHUL]DWLRQRIFDOFLXPSKRVSKDWHSRURXVPLFURVSKHUHVZLWKD XQLIRUPVL]H
IRUELRPHGLFDODSSOLFDWLRQV-0DWHU6FL PDWHU0HG
6LJPXQG:0%HOO16%HUJVWURP/1RYHOSRZGHUSURFHVVLQJPHWKRGVIRUDGYDQFHGFHUDPLFV-$P &HUDP6RF
6X%=KDQJ'%XWWRQ7:0LFURSDWWHUQLQJRIILQHVFDOHFHUDPLFVWUXFWXUHV-0DWHU6FL
